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‘I’llis  ]]a])or {loscril)cstl~c  usoofa  llartnlF1llI)-t.y[  )e]]llllil  mask and CC]) cmmw toprn-form wav[;front
and focus validation of iho IIubhlc  Space ‘J’c10sc4qm simulrrtor  lmforc rmd during envirmmmtal  tmtiJlg  of the
sec{)ll(]-ge]~cratioll  Wide]{’icddmd ]]]anct,ary (hmc!rrr.  ‘J’t~c~~~ctl~c}d yiolds[i  f{wilsnec~tr:~cy  at] J/2d  of n~ml(3.100
m icromctcrs  even in the presence  of 3,6 waves of sphmiml almration. ‘J’hc n~olhod avoids t}w introduction of
Iwtmtially imperfect  fruxi]imy  optical tooling (e.g., null corroctms).
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A r{!liablc way to charmlerim!  thr? wfrvofront  produm!d  hy aJl optical system is through 1]10 IIS(? of the
c]assicrrj 1 ]tlr[,tn[lnn  t,cst’, ill which  h? palhs  of ]ight “rays” defined by ho]cs iJl a mask are dr!ducc!d from nlwls-
urcmcnts  of their intm-cqAs with p]anos at known Jmsitions  near a focus. AlthouKh originally devised for t,cst -
in~ nearly  alxwration-frrw telescoJ]o  objectives, tho 11 arhnann  10s1 rcmdily  lmds its(!lf to tos(ing  of highly rd)c.r-
ratd systems  whose evrrluation by means  of intmfmomdry  would roquirc  a null corrector. This is cxact]y the
situation that trrises  in the “Stin~ulus” used in testing  the smond-gmcration  Wide Field and l)lanctary  camera
(W]f’]’C-2) for tho ] ]ubb]e Space  ‘J’e]Mcopo (J Is’J’). ‘J’I]c stimulus was built  to simulate  tiJe o])t,ical  syst em of 1}]0
1 Is’J’  including about 3.5 waves  rms of spherical nlmrration.  It serves  as the pritnrrry grrgc of tho ()])ti~ill  quality
of tho W 1“1’G2 instrument ]wior to lmnchin~  of the instrument and instrrllation  into 11 Sla.

PIRI,O  FI.A ?lYiNKk I,FN.~ 11A RTNA  NN MASK ‘I%c 11 artmann test is one o f  scnwral
methods for deducing thr? o])tical  prescription
of a systm by analysis of impmfoctly  focused
images. Another approach to “proscri])tion  rw-
trioval” is to vary the param  Wers of an m-
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frwlion  ]wint Spread func(ion and the observed
one! 3’4. A tm!hniqu(!  c]om]y  rc?]a(cd  t4~ t~Jc! ] ]ar(-
JJ):iJIJ)  t.CSi JI!CX)IIS(TUC(S  thO CUW[*tUJT  O f  a
wavcfront  by solving a diffmu]Lial equation for
thr! I)rightness  distribution ill out-of-fbcus  in)-
frg~s5. ‘J’hc ]a((cr  mct}wd works wdl on]y wheJ)
diffraction cffcc{s do not umt  ril}u((! .signifi  -
cfrl]tly to t}]{! out-of-focus in] ag(! s(ruct  ~lr(!, The
classical 11 ar(mann tmt introduu!s  a very sin]-
p](!, a(!curfrte]y  known roa] ]Iu])il function  wi(}l
Sylnnlelrica] frmtums (the mask wit]) 1)010s),
l)it”fraclion mfrv or refry not mmtril)utc  si~nifi-. .
cant]y to 1}]0 oul-of-frms  ia]age structure in a

11 arhnann  tmt (tlclmnding upon wfwdcng(h).  1 kwause the diffmction  I)y circular bolos is SyJ)ll]] ct,riml,  t 110
centroids  of light, IJundkw  j>assinx through  thcm can usually ho assum(!d  to dcfino ray JMII)S  t h:Jl  caJl 1}{! fmw-
rfitcly dcscribod  in terms of gcomctricfrl optics. J )iffrmction simulation shows l,hat  to we] I wil,llin  ( I]c accaracy  of
our rnwmlrenlmlt)s this r3ssun@ion remains valid in the J)rcsencc of t,]J(? s~)hrwical  ffl)crr:lt,ion  cxhi])il,cd  l)y  [ lm

] IS’J’ rrJId sinlu~atcd  hy the! SliT))UhlS.
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‘1’hc oplimil  layout, of the WF1’C-2 Stimulus is shown schematically in Nis. 1. ‘1’lw O])tical  syfitcm  pro-
duces a virhml  image of M ~ at a dist.mm  of 700 cm from the imrigc plane,  thus coinciding wit}) the virhml
imngc of tllo primary mirror (i. e., the rmtrmmc pupil) of the 11,S’1’. ‘J’lm pupil de.]~~agl~ificatiol~  at M, Q)upil image
si~c at M,-: primary mirror size) is “w =. 0,0203. ‘1’IJc  11 arlmann mask is located about 0.1 mm ahead  of tho
vdcx of M ~. ‘l’ho masks  were  fabricated by prrmision  chemical  etching  of 0.0) O inch thick (0,254 mm) lm-yllium
copper fiat sheet  stock. ‘1’hc patterns mod  arc shown in I’ig.  2. Two prittmns  wow mnployd.  ‘l’ho first. is a
rcctrmgular  pattern of 36 holes. ‘1’ho  second  is rI I)aitm-o  of 8 opaque disks (equal in sim to the holes of (he first
patt(!rn)  suppor(od by 4 thin radial  spokrx.  ‘J’hc first  pattern is a standard 1 lmlmann screrm in w)tich t,hc
evenly sImcwl bolos rry)resent,  ossontially equal frac~ions  of the pupil area, ‘1’ho  second pattern makes  usc of the
fact (hat {Iiffrrm(ion  by a circular rhtaclc  gives rise to a bright  slmt,  (as fn-d  rlmnonst rated  in the 19t}I  century
by Arago6) at, the ccnt,cr  of its dark shadow. ‘1’hc uiility  of t}lr!  mwond pattern  is that it intorfrv-os  ncgli~ibly with
the o]~tical  perform ancc of tho Stimulus; it can thus  he lc!f( in Idacc to enable Stimulus  focus vrwifmation  during
t(!sts  of WI’’] ’(:-2

. .

Fig, 2.1 larhnann rn[isk at left contains 3(; IIolw+. “Arago” mask al right, providos
a cont,ral obscuration and 8 accurately circular oJ)aqur!  disks su])ported I)y 0.254.
mm-wide spokes.  }lright spots at the centers oft h(! shadows of the disks are USMI
to monitm  focus. Masks are shown rq)proxima(ely actual  size.

‘]’o allow tho out-of-focas images to fi]]  a Convonic!nt  format oJ~ mlr detector  ([I I ma] 800x  800” (1(~] ) wit h
16 micron l)ixe]s),  t}jo dot rwtor is ]Oc:ited at, an accuratc]y  known position alwut  A = 20 cm }myond  the par axial
f(xms of t.]~c Stimltlus.  ] 11 tl][!  case of the 11 ar(mann mask, tho hole size d WRS choscm to minimim?  tho sixc of the
l)lur circle caused I)y (ho (:OJl)l)irl:ltic)J) of dcfoms  and diffraction. ‘J’his  occurs whrm t ho two contrilm(,ions  arc
Jlladc  aj~prox  i mat cly equal, so that

w’k.rcf: S7600 is lIIC cffcclivc  fbcal lcng,tll  of lhc } 1S1’ 1;/24  Rilchcy-(%rcticn  focus and A = 632 Jm~, 7’hc blur circle siz.c al the
cictcctor is thca approximately



‘]’h(? spocjn~ h(?twwm ho]cs (and hcJMo the number of ho]es) in the 1 lartrnann  mask was chosrm to m~oid over.
lapping d tho blur circles from adjacent fcalums.

1 n Iho case of a circular obstdo,  the bright,  sImt of Arago  can Im considered  to ark: from a line sourw
al the obst.adc’s  pm-imdcr  (in accnrdancn with 1 luygcns’ princip]c),  or equivalmtly  from the lb-csnc] zone lying
just cmtsidc the pcrimctor,  ‘J’ho rmulting  bright spot, is smaller than the Airy disk produced  l~y a circular hole of
tllc sam(! size, and is given approxim atoly (for d = 3.2 mm) by

‘1’1)(: sim of the dark shadow of the chsi,aclc can Im cxlwct  cd to Ix! qq)roxim atcly that  of its gcmrnotrical  sI1(I(1ow

(!orrcsponding to the out-of-focus distance A, or slightly  larger if h cffocl  of Frcsnel  diffraction is taken info
account. ‘1’110s0  es(imates  are in good accord  wilh our oxpcrirncntal  results  as may be mm] from [!xmnination  of
Fig. 3. Simulatd patterns  in Cxcdlcntr  agrcmnmt  witJ}  the observed  mm h a v e  been computd  wi th  a W“]’
algorithm (JCvclopcx] by C, lhn-rows7.

‘1’1](!  analysis of vecl.or  slope error data mig}lt 1)0 done in many ways, ‘J’hc nlcthocl  WC USN] is In-oscntcxl
as one possihlo  approach, 1 t is convenient to rq)rmmt the wavcfron{, by a Zwmikc polynomial in a circle of unit
radius in rectangular coordinates (x, y), although the Zcrnikc  polynomials arc no longer an or(honornml  set
wh(!Jl  mcre]y summed over the finite numb of points d(?fincd  by a 11 arfmm]n  mask. ‘J’hc x and y components
of slopo cwrors corresponding 10 tilt, focus, and third order  spherical ahcrration are given hy first derivatives of
the Zcrniko  tmns, thus:

J1=2 x-tilt
Jj = 4.143 x-focus
,)3 = (241+?  + ,24x? - 12x~5 x-sj)lwrica

,1, = 2 y-tilt
J,= 4y#3 y-focus
,]6 = (kiy3 4 2413C>P -1 ?y~s y-spherico

‘1’1)(!  inclusion of higher order terms would not Iw justified with a mask containin~  only 3(3 IIOICH, ‘J’lio total tilt,
error at the ith ]wsilion  is re]n-cscntod Ly

Wc aim to Sclccl  iho cocfficionts  oj so as to minimize



wll{!rx! Iho nwasurcmlcmt,  vector }~as the ccmlponcmts

1))=  ~~Jj(Xi,$yJ,

and  lll(!matrix  tolminvcri,  odis

h!kj z ~ Jk(~i)yi)~Jj(~i,Lyi).

Note tl]atfor  a symmetrical almrration  (e.g. focus, spherical), tl]~ x and  y components of t}~c slope vector arc
lincar]y  dopwldoni,.  (lmsoqucnily,  inv(:rsif)lloft}lofllll  Gl~y Gnlatrix  Af will rlotl)c]  }ossi~)lc(cxco]>t  whcm ihe
symmetry is removed by measuring errors). ‘J’lle  difficulty is avoided by solving for 1110 x tind y components
sr!parato]y  using 3 I)y 3 matrices, in the caso of synlmctrical  alxwrations,  the diffrmnco  bctwcxm  t,hc x and y
so]llliot~s(w]lic]~”  should in princip]c])o  idcnticm])  gives aJI c!stinlatcofthc!  accuracy of the so]ut,ion.

]~ig. 3. Nc~ativc  prints  of o u t - o f - f o c u s  diffraction  lm(,tcrns c rea ted  by t,ho
Stimulus with t~lc classical 1 lart  mann mas k (loft),  a n d  “Arago”  mask  (ri~ht,),
w}msc forms are shown in Fig, 2, ‘1’}]0  illuminant  has  G nm bandwid(h  at 633 nm,
‘1’hc detector is a ] Imal 800X800” CC]) with 15 micron ]Jixcls.  ‘1’110  nearly  vertical
and horizontal diffraction fwiturcs  in the Arago pattern arc caused by the
secondary su])por[ vanm of the Stimulus cass(!~rain relay; the fc!at,ur(!s  oriontnd
at about  50 de~r{!cs clockwise arc produ(!cd by the mask. Not{: relative  sim!s  of
the Airy and Arago patterns as discussed in text.

h’inally,  11)(!  coefficients oj must, in this application, 1)(! intm-prcto(l  not in the usual terms of rms wavcfront
error, but  in terms of 1’.V errors  accordinc  to the dcfinil  ions of the polynomial used. 1 n the case of focus error,
1110 lintmr  shift is given by

,Solution  of the equations dcsc.ribcd was l)orfornlcd  in near-real t imc during ol]virfjlllllcllt:~l  t 0s1 inp. using a
Coml)u{or  sl)rcadsheei,  (1 ,otus 1 -2-3) which sup Imr[s matrix  opcwat ions.
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‘1’1]0 opt,icd prescription of the St,inlulus2  was ray Lracod  to predict  the intcrcopts  &C, q,.,, at tho dct,cctor.
l’or an axially syn~mo(ric  system, only a radial  fan of rays  nod bc traced,  from which the ratio  of ray height at
the detector to ray height, at the 1 larhnann  mask can Im computed as a function of ray hci~ht,  at the mask, 1 n
tllo Siimulus  this function can bo approximate by a (Yh-odcr  cvm-powmxl  polynomial, which is t.hn used  to
c~~lc{llatci  rltcrcc])tsfor  tll carray ofr[iys  corresj)oI]dil~  ~totJ]cll  ar(l~]:~lll~  mask,

in the present qq)lication  tho llarhann scrccn  is locatd mar thovor(cx  of the mirror dwncnt  Ml,
which forms the entrance pupil. Since this mirror i~ convex, a bmdlo  of rays passing through a hole in the
mmn and  rdlmting  from Ml will, in gmmil,  suffer some vigno(t,ing  in passing a swwnd time lhrough  the
smnclmle.  ‘J’lwsituation  isskctchdin  Fig. 4.
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Not to S(?:1]0

r()rvigllelti  )lgl)yI l]all()S  tiTlltl]lls]]  ar(Illa1lll  mask

IIy raytracing  a fan of rays to dotcrmin(!  tlmir intcrm!pts  at tho mask lmforc and aft or reflection by M 1,
wc dct(?rm incd (he dislj]acmnm]t,  Ay, imt W(?CH1  tho before and aftm’ intcrccl)t,s  as a function of y. } ly a method  of
suc~cssive a])])roxil~~atiol],  wc then calculate tho  ray dd, For tl~c St imulus t ho resulting shift of the cent roid as ‘
a function of ray height can Im a])prox  imatcxl I)y a power law,

A<y == -0.00033 (yd/do)c’6 Clll .

‘1’llc  correction is (!vidcnlly at most alwul,  3.3 microns at tl](? outer cxtrcnl(!  of tl)c pupil, ‘J’his  is csscntial]y  no~li-
~il)lo,  but is taken  into account to e]iminatc  any possib]o bias in f(r(ls  OJ” sphcrica~ almrralion  dcrivcx]  from
11 arhnann tesLs of the Stimulus.
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‘1’1]0  analysis of a typical singlo exposure using tho 1 larhntinn  test  on the WF1’C-2 Stimulus is shown in
Fig. 5.1 ‘lotted  are the radial  components of the slope errors calculated directly from measured  cent,roids  of the 36
individual spots (square symbols). A straight, line indicat,c!s  the radial derivative of the Zcrnilm focus term  fitted by
l[!ast squares, for a defocus of 5.79 mm rclalivc  to the nominal focus. Iliamond  symbols indicate  1}10 radial  deriva.
tivc of tho Zcwnike  spherical a]xwration term fitted by least  squares, relative to tho nominal (non.xero) sphcwiml
al mrration  of 1})0  Stimulus.

l“rom analysis  of repcatml  exposures using {he 11 arhnann  mask, we find that lho focus offscl dcrivod  by
the methods outlin[!cl  in this paper are repeatab]o  to wjthin  n Mandard  dcvialion  of about  ~ 0,005 i’nch (0, 127
mm). ‘1’llis  is adequate to meet  our conscwvative  focus tolc!ranco  of 40.25 mm, To avoid sys(cmatic  effects cwusecl
by pixolization,  we typically movo 1110 patiorn  hy a arbitrary dist anw on tho dctec.(or botwccn successive
(!x]msurcs.  Almost the same  rcsult,s are obtainod w h e t h e r  tho spot, mmtroids  aro ostimat(!d  by cye (us ing  a
cursor  in a vidm display of images), or computed by a centroiding  algorithm. III either case, the 1 Iartmann  spot,
ccntroids  are uncertain to within al least  1 or 2 pixels., primarily because of the struc[urc  introduced by
interformm!  bctwoen  the multip]icit,y  of hok?s in the m a s k  whcJI  noar]y cohcreni illumination  is mod. This
si,ruc(,ure  disappears with white  light  illumination, and the measuring uncertainty is correspondingly rcxlucod.
(hnpariscm  be tween  resu l t s  obtailtcxl  with white light  and cohmwnt  light,  indicates that t}m observwl
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FIK. 5, Samp10  test result for WI’’] ’(;-2 Stimulus.

‘]’hc fringC Struc( Urc! is absc!nt fr(JIU  {he! Ara~o spots producwd  I)y circular  td)stac]es,  ~wrha~)s  in ~)ar(
bm!ausc (]IC ol)stac]os  arc few and wid[!]y  spaced. Moreover, since ih{! Ara~o s]mls less than half as ]ar[~c as tho
Airy disks produmxl  by circular holes of tlm same si~,c, t l~cir  cent roids can Iw ost imnl  ml wi(l~  c[)rrcs})()]~(lil~gly
grmlcr  precision. our analysis indicates that tho focus offsots  derived from the Arago mask from rcpcmtwl
Cxposur(!s  have a standard deviation csscntial]y  equal to that  given ~)y the 1 lar(mann  mask,  a]thoug~~  the ]at tcr
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}IaS 4.5 (Jimm as many holes. For this  reason  particularly, a mask consisting of ml array  of accurately  circular
olxdticlcs  could be prefmwblc ~o a cla~sical 11 ar(mann  scrccrr in wmn o appl icationsd

1 n tlm application under discussion, the W F1’C-2  Stimulus was init irdly focused visually with laser
illumination using a null lens and  a microscope to S(!1 the axial distance botwccn  the corrw%cd  image and a
rofmwnco rcticulc  in the WF1’C-2  Radial  1 nshwmcmt Alignment Fixture, to within an cstinmtcd  uncmtainty of
shout 30,005 inch. ‘1’hc 1 larlmann test (in wllic}l  the Stimulus is nmdolwl both with and without the null ions)
slmwed that, the null  lens actually  int,roduc(!s a focus shift of abou( 0.025 inc}~.  A final focus correction was then
mndc to correct  for this shitl,  thus  bringing the Stimulus to the desired focal offsd  relative to the refcwrmcw
reticulo, Thus the 1 lmlmann  test (without null lens) provided the princiJml  gage of t}m Stimulus focus. ‘J*I1c  null
lens and inspection microscope provided indcpcndcnt  confirmation. Analysis of W1O’C-2 images obtainwl
during mwironment,al  tcsiing  in April-May 1993 showod  that, the Stimulus focus is within  loss than 0,1 mm of
the average  focus that had been  indopcmdcnt]y  cslaldishwl  for the four c.hamwls  of tho flight ins(rLnncmt.  ‘1’110
tests  arc discussed  in detail elscwhcnwg.
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